Abstract The correlation of carbonate content with enamel microstructure (chemical and crystal structure) and mechanical properties was evaluated via linear mapping analyses by Raman microspectroscopy and nanoindentation. Mappings started at the outer enamel surface and ended in the inner enamel near the dentin-enamel junction (DEJ) in lingual and buccal cervical and cuspal regions. The carbonate peak intensity at 1070 cm -1 gradually increased from outer to inner enamel. Moreover, the phosphate peak width, as measured by the full width at half maximum of the peak at 960 cm -1 , also increased, going from *9 cm -1 in outer enamel to *13 cm -1 in enamel adjacent to the DEJ, indicating a decrease in the degree of crystallinity of hydroxyapatite from outer to inner enamel. In contrast, Young's modulus decreased from 119 ± 12 to 80 ± 19 GPa across outer to inner enamel with a concomitant decrease in enamel hardness from 5.9 ± 1.4 to 3.5 ± 1.3 GPa. There were also significant correlations between carbonate content and associated crystallinity with mechanical properties. As carbonate content increased, there was an associated decrease in crystallinity and both of these changes correlated with decreased modulus and hardness. Collectively, these results suggest that enamel carbonate content and the associated change in the crystal structure of hydroxyapatite, i.e., degree of crystallinity, may have a direct effect on enamel mechanical properties. The combination of Raman microspectroscopy and nanoindentation proved to be an effective approach for evaluating the microstructure of enamel and its associated properties.
Introduction
Enamel, the hardest mineralized tissue in the human body, is comprised of *96 % (wt.%) inorganic mineral, 3 % water, and less than 1 % organic matter (non-collagenous proteins, such as enamelins and amelogenins) [1, 2] . The inorganic mineral is non-stoichiometric carbonate-substituted hydroxyapatite (Ca 10 (PO 4 ) 6-x (OH) 2-y )(CO 3 ) x?y , where 0 B x B 6 and 0 B y B 2 containing trace amounts of fluoride (F), sodium (Na), magnesium (Mg), zinc (Zn), and strontium (Sr) [3] . The hydroxyapatite (HA) crystallites naturally assemble into nanorods with a crosssectional diameter of 25-50 nm and a length of up to 1 mm. Furthermore, these nanorods form enamel prisms, which are *3-6 lm in diameter and may be up to several mm in length [4] . The majority of these prisms are arranged with their long axes nearly perpendicular to the tooth surface. The chemical composition, predominantly mineral, and the hierarchical structure of the mineral contribute considerably to enamel's mechanical properties and its functions [5] .
Nanoindentation has been widely used to characterize the mechanical properties of mineralized tissues [6, 7] . Based on nanoindentation measurements, the mechanical properties of enamel have been previously reported to be position dependent; Young's modulus (E) and hardness (H) in the enamel region close to the dentin-enamel junction (DEJ) are lower than that in the outer enamel [8] [9] [10] [11] [12] . Some investigations have tried to explain the mechanical property gradient based on enamel composition. One reported that the gradient of enamel mechanical properties is associated with increased organic matter content in enamel near the DEJ [8] . Another reported that the mechanical property gradient was related to the differences in the chemical/elemental content of enamel as measured by electron-microprobe analysis [10] . In conjunction with a decrease of modulus and hardness from outer to inner enamel, there was an associated decrease in calcium (Ca) and phosphorus (P), while magnesium (Mg) and sodium (Na) content increased. Their results suggest that the mechanical properties of enamel are directly dependent on its elemental composition.
Besides those factors mentioned above, however, another key component of enamel, carbonate (CO 3 2-), should also be considered because it makes up from 2 to 5 wt.% of enamel which is higher than the content of organic matter and magnesium [1, 2, 10] , and is a significant substituent in the crystal structure of biological hydroxyapatite (HA) [13] [14] [15] . An infrared (IR) method [15] has been used to measure the carbonate content in enamel, and it was reported that carbonate content is higher in inner enamel than the outer enamel based on the intensity ratio of the carbonate to phosphate peaks. In addition, X-ray diffraction [15, 16] has been used to study the crystal size (crystallinity) of enamel HA. By measuring the width of the diffraction peak, it was found that the crystal size was larger, i.e., higher crystallinity, in outer enamel as compared to inner enamel.
Even though the previous investigations provide useful information, confocal Raman microspectroscopy has not been used as a part of an enamel structure/property mapping analysis, to date. Besides advantages such as minimal specimen preparation and non-invasive sampling, Raman microspectroscopy is used to obtain chemical/molecular structure information from various materials and tissues with little interference from water [17] [18] [19] . Thus, Raman microspectroscopy is a potential valuable tool for measuring both carbonate distribution and HA crystallinity in enamel across the tooth. Moreover, despite previous investigations of carbonate content [15, 20] , there has been no subsequent evaluation that links carbonate distribution with the associated effects on crystal structure and enamel mechanical properties. Because Raman microspectroscopy is a non-destructive procedure, the same specimens and sites evaluated for carbonate content and crystallinity can also be evaluated to measure the mechanical properties across enamel. Therefore, the objective of this study was to investigate the relationship between enamel carbonate content, crystallinity, and mechanical properties by means of Raman microspectroscopy and nanoindentation.
Materials and methods

Specimen preparation
Five non-carious, extracted human third molars were collected according to the protocol approved by the University of Missouri-Kansas City adult health sciences institutional review board. Teeth were from adults within the age range of 20-30 years. After removing any remaining soft tissues, the extracted teeth were stored at 4°C in phosphatebuffered saline (PBS) with 0.002 % sodium azide to inhibit bacterial and fungal contamination (pH 7.4). A slow-speed water-cooled diamond saw (Buehler Ltd, Lake Bluff, IL, USA), was used to remove the roots from the molars. The remaining crowns were then sectioned buccolingually to generate a 2-mm-thick cross-sectional slice centered on the mesiobuccal and mesiolingual cusps. The sections were then sequentially polished under water using 600-and 1200-grit SiC paper and a ChemoMet polishing cloth (Buehler Ltd).
Nanoindentation
Polished tooth sections were analyzed at four sites, cervical and cuspal areas on the lingual and buccal aspects, as labeled in Fig. 1 . Nanoindentation linear mappings were performed starting *10 lm from the outer enamel surface and going toward the DEJ using a nanoindenter (Triboscope, Hysitron Inc., Minneapolis, MN, USA) attached to a Nanoscope IIIa atomic force microscope (AFM, Digital Instruments Inc, Santa Barbara, CA, USA). Two linear mappings (50 lm apart) were done across each site for each tooth section. A calibrated diamond-tipped indenter with an equilateral triangular base (Berkovich geometry) was used during mechanical data collection. A peak force of 2500 lN, loading and unloading rates of 250 lN/s and a holding segment time of 3 s were utilized with nanoindentations spaced at *160-lm intervals. To prevent specimen drying, distilled water was deposited onto the By means of the generated force-displacement curves from nanoindentation testing, the initial part of the unloading curve was analyzed based on the Oliver-Pharr method [6] to provide elastic modulus (E) and hardness (H) values for each nanoindentation. The values of Young's modulus (Er, reduced modulus) and hardness of enamel were obtained via the Hysitron software based on the following equations:
Young's modulus:
where v m and E m are the Poisson's ratio and the elastic modulus of the material, respectively. In addition, v i and E i are the Poisson's ratio and elastic modulus, respectively, for the indenter.
Hardness:
where P is the load (applied force during indentation), k 1 is a constant representing indenter geometry parameter, which is 24.5 for the Berkovich indenter (k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi 3tan 2 h p ; where h ¼ 65:3), and h p is the plastic penetration component.
By means of the nanoindentation mappings, trend lines of modulus and hardness values were calculated across enamel from outer to inner at each of the four measurement sites within each tooth.
Raman microspectroscopy
A LabRam HR 800 Raman spectrometer (Horiba JobinYvon, Edison, NJ, USA) with monochromatic radiation emitted by a He-Ne laser (632.8 nm) and operating at an excitation power of 20 mW was used. The Raman unit is also equipped with a confocal microscope (Olympus BX41), a piezoelectric (PI) XYZ stage with a minimum step width of 50 nm, and an air-cooled CCD detector of 1024 9 256 pixels. During Raman mapping, the following parameters were used: 600 groove/mm grating, 400-lm confocal hole, and 150-lm slit width. Spectra were Ramanshift frequency calibrated using known lines of silicon.
Raman linear mapping of the enamel was done at the same 4 sites (lingual cervical, lingual cusp, buccal cervical, buccal cusp) that were analyzed with nanoindentation. Micro-Raman spectra were collected using a 50 9 objective (Olympus, 1.00 w) focused on the specimens. Spectra over the region of 50-4000 cm -1 were acquired at 100-lm intervals starting at the outer enamel surface and ending in the inner enamel near the DEJ using a 60-s integration time. An imaging system and high-resolution monitor enabled visual identification of the position at which the Raman spectra were obtained.
Spectral data analysis
Labspec 5 software (Horiba Jobin-Yvon) was used to analyze the acquired Raman mapping data. After spectral smoothing, the mapping spectra were adjusted by multiple point baseline correction. A typical Raman linear mapping in the range of 200-1500 cm -1 is presented in Fig. 2 with spectra acquired from outer to inner enamel at 100-lm intervals. The peak at 960 cm -1 is assigned to m 1 vibration peak of the phosphate group in enamel and the peak at 1070 cm -1 is assigned to m 1 vibration of the carbonate group (B type of carbonate) in enamel. The m 1 vibration peak of phosphate at 960 cm -1 was selected as the inner standard for the normalization adjustment.
Based on the Raman spectral maps, the ratio of carbonate at 1070 cm -1 to phosphate at 960 cm -1 was obtained to analyze differences in mineral composition across outer to inner enamel. In addition, the peak width of the phosphate band at 960 cm -1 , as measured by full-width at half-maximum (FWHM), was calculated across each spectral map to reflect the amount of crystallinity across enamel. As peak width increases, crystallinity decreases [21] [22] [23] .
Statistical analyses
The outer and inner enamel mean modulus and hardness values and mean 1070/960 cm -1 ratios and FWMH for 960 cm -1 were calculated for the four measurement sites across tooth sections and compared by an analysis of variance (ANOVA). A Pearson's correlation was also used to determine if there was a significant association between mechanical property measurements (modulus, hardness) and chemical structure (carbonate content: 1070/960 cm -1 ratio, crystallinity: 960 cm -1 FWMH) across enamel. The probability level for statistical significance was set at a = 0.05.
Results
Nanoindentation
Representative linear mappings of Young's modulus and hardness from nanoindentation at the four measurement sites are presented in Fig. 3 . The X-axis designates the position in enamel going from outer (0 lm) to inner enamel near the DEJ with the X-axis length varying depending on the thickness of the enamel. The left Y-axis
shows the values for Young's modulus, while the right Y-axis shows that for hardness. Trend lines for modulus and hardness are included in each graph and indicate there was a decrease in Young's modulus and hardness across enamel. For example in Fig. 3b (lingual cusp site), Young's modulus of the outer enamel is *110 GPa, and decreases to 60 GPa at the inner enamel near the DEJ, while the hardness values decrease from 6 to 3 GPa. The modulus means and standard deviation (SD) of the two ends of the mapping (outer and inner measurements) at the four sites/tooth (n = 5 teeth) are presented in Fig. 4a . Similarly, the hardness means and SD of outer and inner enamel measurements are presented in Fig. 4b . An ANOVA indicated that across the four tooth sites, outer measurements of modulus and hardness were significantly higher (P \ 0.05) than inner measurements as indicated by subsets (a and b) in each graph. However, there were no significant differences among the four sites.
Raman microspectroscopy
Comparing the spectra in the range of 1000-1150 cm -1 , it was found that the peak intensity of carbonate at 1070 cm -1 increased from outer enamel to inner enamel near the DEJ at all four sites across tooth sections. Representative mappings of the peak intensity ratios (height) of 1070-960 cm -1 across outer to inner enamel from the four sites are presented in Fig. 5 with ratios ranging from *0.02 (outer) up to *0.09 (inner). Likewise, there was an increase in the peak width (FWHM) of the phosphate m 1 peak at 960 cm -1 from outer to inner enamel at the four sites as illustrated in Fig. 6 . Across the sites, the FWMH ranged from 9.3 (outer) to 13.7 cm -1 (inner). The mean and SD of the ratios of 1070/960 cm -1 and the mean and SD of FWHM at 960 cm -1 at the outer and inner aspects of enamel at the four sites/tooth (n = 5 teeth) are presented in Fig. 7a, b , respectively. Based on the ANOVA, the carbonate to phosphate ratio (1070/ 960 cm -1 ) and the FWHM at 960 cm -1 were significantly lower (P \ 0.05) in outer enamel as compared to inner enamel at all four sites. However, there were no significant differences among sites.
There was also a significant negative correlation (P \ 0.05) between both the carbonate/phosphate peak ratio and the phosphate peak width (FWHM) and modulus and hardness measurements across outer to inner enamel. Modulus to carbonate/phosphate ratio and modulus to phosphate peak width correlations were both -0.72, while hardness to carbonate/phosphate ratio and hardness to phosphate peak width correlations were -0.62 and -0.73, respectively. Moreover, there was a significant positive correlation between the carbonate/phosphate ratio and the phosphate peak width (0.89). Collectively, these correlations indicate that as carbonate content increases there is an associated decrease in crystallinity and both of these factors are associated with decreased modulus and hardness.
Discussion
The results of this study indicate that there is a mechanical property gradient across enamel with modulus and hardness significantly higher in outer enamel as compared to inner enamel near the DEJ, which is in agreement with previous reports [8] [9] [10] [11] [12] . In the current study, the overall mean modulus across the four tooth measurement sites ranged from 119 ± 12 to 80 ± 19 GPa from outer to inner enamel, respectively (Fig. 4a) ; whereas, overall mean hardness across the four sites ranged from 5.9 ± 1.4 to 3.5 ± 1.3 GPa from outer to inner (Fig. 4b) . While it has been reported that the DEJ is considered a functionally graded interphase that is critical for maintaining the integrity of enamel to dentin [24] [25] [26] [27] ; based on our results and those of others, it appears that enamel itself is a functionally graded material. Because materials with spatial gradients are more damage resistant [28] , it is not surprising that enamel is such a material considering that teeth must withstand a lifetime of cyclic loading associated with chewing (*10 6 loading cycles/year) [29] . Maximum chewing/masticatory forces on the posterior teeth (premolars and molars) can range from 400 to 1200 N [30] with resultant high stresses due to the small occlusal contact area.
In terms of enamel differences based on tooth site, Cuy and colleagues [10] compared buccal and lingual cusp modulus and hardness via nanoindentation and reported that the lingual cusp values were higher; however, it is important to note that those differences were not statistically significant and only three maxillary molars were evaluated. In our study, although there were significant differences between outer and inner enamel modulus and hardness at all four tooth sites, there were no significant differences between buccal and lingual or cervical and cuspal sites, which are similar to what was reported by Park and colleagues [9] .
To help explain the mechanical property gradient of enamel, potential associations with the orientation of enamel rods/prisms and enamel mechanical properties have been evaluated previously [4, 10] . The effect of crystal orientation on enamel's mechanical properties is seemingly supported by the results from a three-dimensional finite element model of prismatic enamel that predicts higher modulus values along the direction of the enamel prism (60-110 GPa) as compared to horizontally across the prism (20-90 GPa) depending on the assumed degree of crystallinity [31] . Similarly, the results from a single crystal of Durango HA [32] with a higher modulus and hardness (150.4 and 7.1 GPa) at the base of the crystal compared to the side of the crystal (143.6 and 6.4 GPa) would also support the premise of crystal orientation effect on properties. However, neither Cuy et al. [10] nor Braly et al. [4] found that prism orientation had a significant influence on modulus and hardness enamel nanoindentation measurements. Both investigations agreed that enamel chemical composition is more important in relation to the nanomechanical property gradient.
For example, Ca and P were reported to decrease as the mechanical properties decreased from the outer to inner enamel; conversely, Na and Mg increased toward the DEJ [10] . In 2010, Darnell et al. [33] reported similar results when they investigated the mechanical properties of Alouatta palliata molar enamel. While these reports support the fact that chemical composition of enamel is important to its mechanical properties, the potential effects of carbonate on enamel mechanical properties should not be overlooked, given that carbonate content ranges from 2 to 5 wt.% [13] [14] [15] . Moreover, carbonate is a critical component as a substitute for phosphate groups in the HA crystal resulting in changes in the HA lattice parameters [15, 34] and associated physical properties such as increased solubility [35] [36] [37] .
The current study is the first investigation to use Raman microspectroscopy to evaluate enamel carbonate content and crystallinity. Our results indicate a significant increase in carbonate content going from outer to inner enamel, similar to what has been previously reported as measured by chemical analysis techniques such as IR [15, 20] . Based on the carbonate to phosphate (1070/960 cm -1 ) ratios generated via Raman spectra (Fig. 7a) , the overall mean carbonate/phosphate ratios across the four tooth sites ranged from 0.03 ± 0.01 to 0.08 ± 0.01 from outer to inner. Based on the FWHM of the m 1 vibration band of phosphate at 960 cm -1 [22, 23, 38] , there was also a significant increase in FWHM from outer to inner enamel at all four tooth sites. By averaging the mean peak width of outer and inner enamel across the four sites (Fig. 7b) , peak widths ranged from 9.7 ± 0.8 to 13.1 ± 0.4 cm -1 from outer to inner. Because increased peak width reflects decreased crystallinity [21] [22] [23] , our results indicate that there is a decrease in crystallinity going from outer to inner enamel, which is in agreement with previous investigations by X-ray diffraction [15, 16] . By means of the previously reported Raman peak width of pure HA (7.1 cm -1 ) [38] , we are also able to calculate associated crystallinity of our specimens based on the outer and inner enamel/HA peak width ratios. Thus, crystallinity values based on the overall mean peak width of outer and inner enamel would be 0.74 ± 0.01 and 0.54 ± 0.03, respectively. Altogether, our results indicate that as the carbonate content increased, there was an associated decrease in crystallinity. Similar to the mechanical property results of this study, while there were significant differences in carbonate content and crystallinity between outer and inner enamel at the four measurement sites, there were not significant differences between sites. Based on our analyses, as both the carbonate to phosphate ratio (1070/960 cm -1 ) and FWHM of 960 cm -1 (i.e., crystallinity) increase from outer to inner enamel, modulus and hardness decrease. This suggests that in addition to the previously reported effects of enamel organic matter content [8] and other mineral changes [10, 33] , increasing carbonate distribution and the associated decreased crystallinity of HA also contribute to the mechanical property gradient across outer to inner enamel. As previously reported, as carbonate is substituted for phosphate, incorporation of carbonate into apatite results in changes in the lattice parameters: contraction in the a-axis and expansion of the c-axis dimensions [15, 39] . Consequently, carbonate content also influences crystal shape and size with the tendency for carbonate apatites to be more equiaxed than needle-like and smaller in size [39] . In addition, the strength of a single HA crystal after immersion in water was reported to significantly decrease by 23-43 % in proportion to carbonate content [40] . This information provides additional evidence that carbonate is an important factor that influences the mechanical properties of enamel as shown in the present work. To our knowledge, this is the first study in which carbonate content and associated crystallinity have been correlated with enamel mechanical properties.
The functional benefits of the mechanical property gradient associated with carbonate distribution across enamel in relation to mastication and associated cyclic loading have already been described. There are additional benefits related to the carbonate distribution pattern of enamel. For example, because outer enamel contains low carbonate, the outer tooth surface is less soluble and more resistant to attack from acidic by-products produced in dental plaque that lead to dental decay [35, 36] .
To further understand the carbonate distribution pattern, the enamel formation process, which has been studied extensively, must be considered [1, 41, 42] . This complex biological formation process involves enamel matrix secretion, assembly of protein for enamel's hierarchical structure, and inorganic component deposition on the enamel matrix. It has been reported that carbonate content is higher in immature teeth, especially at the outer surface, and decreases with time [13, 14, 41] . However, the position-dependent distribution of carbonate across enamel in mature teeth has not been clearly elucidated within the enamel formation and maturation process, and thus requires further research.
Conclusions
In summary, Raman microspectroscopy proved to be useful for measuring the carbonate content and crystallinity across enamel. Based on the results combining nanoindentation and Raman microspectroscopy, Young's modulus and hardness are higher at the outer enamel surface than within enamel near the DEJ, which can potentially be explained, at least in part, by the contributory effect of increased carbonate content that is associated with decreased crystallinity across outer to inner enamel.
